We describe a procedure in which elementary education students fabricate 3-cell, ≈ 5 Watt, 1.6 V solar panels. The panels are manufactured at a cost of about $6 each. The paper also describes a series of characterization activities that we have had our students complete with the panels once fabrication is complete. Specifically, our students have determined: the dependence of panel power on load resistance, the variation of open-circuit panel voltage between different students' work, and energy capture efficiency. The activity also allows opportunities for discussion of manufacturing and process improvement which can provide unusual connections to engineering and technology learning outcomes.
I. INTRODUCTION
Photovoltaic (Solar) panels are an increasingly common energy capture device that can be installed on residential and commercial rooftops. Our students are generally excited about solar panels, and including them in classroom work can be very engaging. However, a classroom set of panels can be quite expensive. We've recently worked out a procedure in which students can fabricate panels in the classroom at a unit cost of about $6 per ≈ 5 Watt, 1.6 V panel.
Once created, the panels can be used for a variety of authentic investigations, a few of which we describe at the end of the paper.
The solar cells we have used Accordingly, the maximum power available to a cell is ≈ 11.6 Watts. The vendor does not supply the specific chemistry of the cells, but states that cells produce 1.8 W under standard solar conditions. This efficiency, 1.8 W/11.6 W ≈ 15%, suggests that the cells are some sort of Crystalline Silicon photovoltaic material. Soldered chains of PV cells are encapsulated in a medium which will allow them to survive 25+ years of exposure to the weather. Generally, a piece of Iron-free tempered glass serves as the mounting surface for the "sunny" side of the cells and an optically clear epoxy 3 serves as a bedding or potting medium that, applied to the shady side of the cells, holds them securely in place. Dow Chemical maintains that their "Sylgard" epoxy will retain 90% light transmission over the 30 year lifespan of a panel. Iron-free, "crystal-clear," glass gains the user another few percent of light transmission over standard tempered glass.
Before pouring the epoxy encapsulant, terminal wires are soldered on to the overall top (negative) and bottom (positive) cells in the series chain.
A. Our Fabrication Procedure
Written words are a poor substitute for physically soldering up a panel with a friend, and so we encourage you to watch a few videos on YouTube of people soldering up solar panels.
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The procedure we've used with students follows:
This photo shows a set of 3 cells for which soldering is almost finished. The loose tabbing on the right side of the picture will be the overall negative terminal of the panel and the 6 open contact points on the left cell will be the overall positive contact. Masking tape as an alignment tool was a student generated process improvement.
1. The activity generally falls after the initial Batteries and Bulbs unit of the "CASTLE" E&M curriculum. 2. A few days before assembly begins, students are given the homework of sourcing an 8
by 10 (inch) picture frame from a second-hand store and also watching a video about solar panel fabrication. 3. On Day 1, students remove the backing from their picture frame, clean the glass, and determine how many of the 3 by 6 cells will fit inside the frame.
4. Student then cut out 2 pieces of tabbing wire, about 6 inches long, and solder them to the two white traces on the face (blue, sunny side) of the cell.
5. The long ends of the tabbing wire fit underneath the adjacent cell, so that the panels are electrically connected "head to tail," or negative (face) to positive (back). In our experience, the first time your students fabricate a panel it will take about 2 to 3 hours of class/lab time, with an additional day to allow the epoxy to cure. Our students have never soldered before this activity and we share about 15 soldering irons between 28 students. With practice, fabrication becomes easier, and panel fabrication speeds up. After soldering on the first few pieces of tabbing wire, the remaining work can be assigned as homework to be done in an open lab before the next class meeting.
We have been surprised and pleased to learn how much our students love to solder! In addition, as the fabrication process progresses, we have had very interesting student-driven conversations about the good and bad ways to solder up cell assemblies.
B. Costs
The materials you will need to source for this project average about $6.30/student. This unit cost could certainly be reduced. Note, since this is a lab exercise, we are using generic Note that while the cells cracked during assembly, the panel still produces about 0.55 Volts per cell.
"picture-frame" glass and 2-part epoxy from the local home improvement store. Our panels will likely be quite yellow after 30 years of sun and they also probably won't survive a hailstorm. For the sake of learning, we don't see either of these as problems.
Assuming 2 classes of 30 students, the materials you will need to source are estimated in Table I .
At an estimated total cost of $380 for 60 student panels, this is roughly $6.30/student.
Each cell is rated to produce 1.8 W of power, which means that under ideal conditions, each student panel would produce 5.4W of power, or, they would produce power at $1.17/W att. 
C. Safety Considerations
The tabbing wire for panels often comes pre-coated with solder, but it isn't clear if that solder is lead-free. While it seems unlikely that lead solder will vaporize during the soldering process, lead is a contact hazard, so students should certainly wash their hands after finishing their work. Additionally, the flux used in soldering can be a respiratory irritant for some people, so adequate room ventilation, perhaps with the addition of a charcoal-filter fan,
18
is a good idea. Finally, soldering irons run at hundreds of degrees Celsius and there is the small risk of burns and/or melted synthetic clothing if students are careless with the irons.
III. CLASSROOM ACTIVITIES
Once the epoxy has cured, the panels can be used for classroom activities.
A. Series and parallel panel connections
All PV panels produce a direct current (DC) voltage. Many PV systems use panel voltages of 12, 24, or 48 volts which are fed into an inverter, a device which outputs normal 110VAC (alternating current) electrical power for use in a residential or commercial setting.
With a sufficient number of panels wired in series, students can produce the 8 to 12 VDC potential that one needs to run a computer cooling fan, or a 12 VDC inverter. suggest that students compare the soldering of expected (1.7 V) and outlier (0.6 V and 1.2 V) panels. Discussing student mistakes is always a delicate conversation, but we make a point of telling students how interesting and valuable mistakes are, as they allow us to learn. In this situation, it is almost always the case that a student has bridged tabbing wire solder between the top and bottom of two adjacent cells, as figure 6 shows.
To establish that it isn't just poor lighting that is making the multiple peaks in V OC , we have sometimes made figure 8 
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C. Maximum Power Point
Solar panels exhibit an internal resistance (to current flow) that can be managed by tuning the load resistance that the panel drives. Qualitatively, the panel's voltage is largest when the leads are disconnected from a load, and the panel's current is greatest when the leads are short circuited by a wire. This behavior is seen in figure 9 , which shows some data from the lab-built panels already described.
The maximum power that can be produced by a panel is somewhere between these two limits and we use a potentiometer 14 as a variable load resistance to search for the panel's maximum power output. Panel current and voltage are both functions of the load resistance, R L , and by varying R L , we can maximize the product, P = IV , and determine the maximum amount of power a panel can produce under given light conditions. This maximum power point is also a function of (at least) the light incident on the panel, the temperature of the panel, the quality of tabbing wire connections, and physical damage done to the cells during assembly, and it seems, largely, a heuristic parameter.
Variation of load resistance in residential and utility scale electric power generation is common, and in the photovoltaic industry the technique is sometimes described as "Maximum Power Point Tracking." 15, 16 Using a decade resistor box 17 or potentiometer as a load for a student's panel is a way to model the search for the maximum power a panel can produce under given light conditions. The setup we use is shown in figure 10 and the results for two panels are shown in figures 9, 11, and 12.
The data shown in these figures was captured by one of the authors at about 5pm on June 30, 2017 in Southeastern Minnesota with two 3-cell panels. The first, panel "L", was one of the highest power-producing panels we've seen. The second, panel "A2", is shown in figure 3 , and uses PV cells with substantial cracks. Both panels have access to all three PV cells, as they each produce V OC ≈ 1.7 V, as can be seen in figure 9 .
The sun came out late in the afternoon and the Pyranometer's Irradiation reading from under these conditions the optimal load resistance is 0.53 Ω for panel L, and 0.87 Ω for panel A2, which, as figure 3 shows, has substantial cracks and defects in the PV cells.
Since power production depends strongly on R L , it would be interesting to learn how much variation exists in the R L value that makes each panel produce maximum power. We haven't yet had time to collect this data and think it would be an interesting topic to study further. incident which is an efficiency of ≈ 6.7%. Most of the 3-cell panels with undamaged cells for which we've done this calculation have an efficiencies of about 9 − 11%.
As mentioned, the vendor's specifications suggest that the cells are 15% efficient. A reminder, we used standard glass and generic epoxy in constructing our panels. The efficiency difference between the vendor's specification 21 and our results may be due to the economy materials we used to construct the panels. 
Using a Halogen Lamp for Cloudy Days
It is certainly possible to make the aforementioned characterization measurements indoors. Along the lines of others 22 we have sometimes (because of rain, early winter sunset, etc) used a Halogen work light as an artificial Sun equivalent. the incident light will be roughly equivalent to standard 1 kW/m 2 solar insolation.
We should mention that the spectrum emitted by these Halogen lamps is quite yellow, ≈ 2700 K. We have not investigated the spectral absorption efficiency of the PV cells we're using. So, while the net power absorbed by a calorimeter at 48cm may be 1kW/m 2 , if the PV cells are (for example), less efficient at absorbing red photons, the panel efficiency will come in at a correspondingly lower number than expected. A light source like the one described in 22 would allow one to investigate this interesting question further. 
20
D. Light Transmission
For the sake of minimizing cost, we have used home-improvement-store grade epoxy to bed the PV cells to the glass panel. This, along with using cheap glass, is certainly not the commercial standard. A transmission spectrum of the glass and cured resin would illustrate this reduction in the efficiency of solar energy capture. We have not yet attempted this measurement with students but we think it would be a meaningful extension of the work.
IV. CONCLUSIONS
While "STEM" activities are, politically, quite popular right now, it is sometimes difficult to justify including "Engineering" activities in a science content course. It takes lots of time to build, test, revise and rebuild physical objects, and while there is great joy in physically creating new objects, the process doesn't always line up with the learning outcomes in science that our courses are meant to achieve. Particularly because the discussion of "defective" solar panels is so linked to Kirchhoff voltage loops, we feel this project is a meaningful addition to our course's ≈ 2 − 3 week discussion of voltage, current, power, and electric circuits. We encourage you to consider teaching your students to solder! 
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